Characterization of the behaviour of link-layer re transmissions is helpful when designing MAC proto cols and scheduling algorithms for Factory Automa tion WLANs. In this paper, we measure retransmission rates and consecutive retransmission occurrences of IEEE 802. I I g communication links in an industrial indoor en vironment. The employed wireless channel at 2.4 GHz is characterized. Experimental results show that the dis tribution of consecutive retransmission occurrences tends to concentrate around just one retry when devices oper ate within their transmission range. It is also shown that smaller frames result in fewer retransmissions.
Introduction
Due to the success of IEEE 802.11 networks in home, office and other environments, deployment of IEEE 802.11 networks in industrial halls has already begun. However, their application in real-time control remains a challenge due to the lack of both, reliability and ability to meet real-time requirements. Wireless communication links are prone to communication errors due to the time varying nature of the wireless channel. Propagation's path loss, shadowing, multipath and interference [1] cause bit errors that, in turn, result in frame errors. The uncoordi nated medium access (collisions) also causes information loss. To enhance reliability, IEEE 802.11 networks utilize Forward Error Correction (FEC) and Automatic Repeat Request (ARQ) mechanisms [2] . In FEC, redundant in formation is added to data frames, so that the receiver is able to detect and correct bit errors. The ARQ mechanism is based on feedback from the receiver. Retransmissions of the whole data frame occur when errors, that FEC was not able to correct, are detected. Retransmissions con tinue until the frame is successfully delivered or until a retry limit has been reached. This paper presents results from measurements in a real industrial automation environment. Frame retransmission rates and the distribution of consecutive occurrences have been derived from all experiments. Additionally, a chan nel characterization, in terms of impulse channel response 978-1-4244-5461-7/101$26.00 ©2010 IEEE and transfer function, is presented. The remainder of the paper is organized as follows. Section 2 discusses the re lated work. In Section 3 the measurement setup is dis cussed along with the characterization of the 2.4 GHz in dustrial wireless channel and the experimental results are presented. We conclude the paper in Section 4.
Related Work
In [3] measurements to investigate the impact of re transmissions on TCP performance were carried out in an office environment. The results show that the re verse channel (transmission of acknowledgment frames) presents error rates as high as those from the forward channel (transmission of data frames). The effect of re transmissions on multimedia traffic was studied in [4] . The emphasis was placed on the channel access origi nated interference rather than on the wireless channel it self. In [5] impulse response measurement results for the 2.4 GHz ISM band in an indoor industrial environment are presented, showing that the delay spread is much higher compared to office environments. Bit error measurements of an industrial wireless channel with 802.11 communi cation are found in [6] . A methodology and software tool for channel measurements is presented in [7] . As an example, the authors used an 802.11a WLAN link in an industrial environment. It was qualitatively confirmed that a 802.11a deployment in certain industrial applica tions should be basically feasible. However, there is to the best of our knowledge no work that presents results of link-layer retransmissions behaviour for IEEE 802.11g networks in a real industrial automation environment with industrial real-time traffic flows considering the impact of frame size, data rate and obstructions in the communica tion path.
Empirical Evaluation
In the following sub-sections, the environment, set tings, performance metrics and results of the empirical evaluation are described.
Measurement Setup
Measurements are carried in a real factory shop floor for automated furniture manufacturing. It has a main cor ridor and a number of different machines disposed as work cells. The ceiling, made out of metal and acrylic, is ap proximately 15 meters high. The shop floor area is sep arated by walls and thick glass from office space. The layout is shown in Fig. 1 . The experimental testbed includes two IEEE 802.11g compliant industrial-grade radios [8] , one working as an Access Point (AP) and the other one as a client (STA). Both devices were attached to a static mounting pole at a height of approximately 1.5 meters from ground with one 5.0dBi gain omnidirectional antenna each. Some objects and people, around the devices, were in motion during the measurements. In the case of line of sight (LOS) measure ments, however, neither objects nor people obstructed the direct path between the antennas of the devices. Trans mit power was set to the highest possible level, which is provided by the manufacturer. The devices have a default retry limit setting of 7 (the original frame plus up to six retransmissions). The Ethernet ports (100BaseT) of both devices were connected to an Anritsu T M network data an alyzer (model MD1230B) that was used to generate Eth ernet frames periodically, according to a selected service interval, and record the received Ethernet frames that have passed through the wireless system. Additionally, all data, management and control frames, were captured using a wireless monitor (WM). The WM was carefully collo cated next to the STA ensuring that all data frames and their retransmissions were captured. This is corroborated by comparing trace files generated by the WM, with trace files from the network analyzer. Having just one client and only one traffic flow allows to isolate communication er rors due to the channel access mechanism. In this way, the only source of errors that has an influence on the results is the wireless channel.
The measurement scenarios use the following settings:
• • Path: 15 m LOS and 20 m NLOS
The measurements ran for 60s for every trial and data tracing began only after both, AP and STA were associ ated.
The retransmissions rate is calculated according to (1) .
This value provides the rate of retransmissions to data frame transmissions.
The other performance metric, that is derived from the experiment, is the distribution of occurrences for consec utive retransmissions. This information is extracted from trace files obtained by the WM. The files are parsed and filtered to identify data frame transmissions and retrans missions, if any, for each data frame. The number of retransmissions that occurred, for each data frame that needed them, is reported.
Industrial Channel Characteristics
One of the main differences of an industrial RF chan nel, in comparison to office environments, is the increased multipath effect caused by metal elements, heavy machin ery and several moving objects. Multipath propagation results in a frequency selective behaviour of the chan nel, which makes it less reliable. RF channels are char acterized by a time-varying impulse response h(t, T) and their corresponding transfer function H(t, f). The previ ously described industrial environment for the measure ment setup has been analyzed with respect to h(t = to, T) and H(t = to, f). For the sake of simplicity both are time-invariant and stationary, since the environmen tal conditions had been rather motionless during the mea surements. In a previous work [9] measurements within the same industrial environment have already been con ducted. A vector network analyzer (VNA) was used for measuring the transfer function of the LOS and non line of sight (NLOS) channel. These results are used to char acterize the channel for the LOS and the NLOS links.
The impulse response for the LOS channel, with high lighted statistical parameters, is shown in Fig. 2 (a) . In the time domain, the mean excess delay f and the delay spread TR M s are derived from the impulse response h( T) [1] . The mean excess delay is defined in (2). The delay spread is a measure of the multipath spread ing within the RF channel and defined as where 00 2 f 72 1 h (7) 1 d7 7 2 = ..::. 0 -=::-___ _ Jlh (7) 1 2 d7
The mean excess delay T is mainly determined by the transmission range and the environment's multipath pro file. An environment with significant multipath effects leads to a slowly decaying h(7) and a large 7R M S, which is the case for industrial channels (cf. Fig. 2 (a». Office and residential environments are characterized by a much smaller delay spread.
In Fig. 2 The statistical parameters of both channels are summa rized in Tab. 1. The median of the NLOS channel is lower, due to an increased attenuation and the frequency selective variation, characterised by higher value of l1H.
Furthermore, slightly higher time dispersion parameters are computed. In summary it can be concluded that the NLOS channel is worse compared to the LOS link.
In addition to this, the whole spectrum was very crowded, due to a large installed base of devices operat-3 ing at 2.4GH z. The noise level was recorded to have an average value of -85dBm.
Results
The results for the 802.11 g experiments show that the performance is consistent across all scenarios (see Tab. 2).
In fact, retransmission rate values for NLOS at 54Mbps are as low, if not lower, than LOS at 6Mbps. An explana tion of this phenomena might be that the industrial chan nel might differ depending on the current environmental conditions. Frames with the smallest payload size always have lower retransmission rates than the largest ones.
Consecutive retransmission occurrences for 802.11g
with LOS and NLOS (at a data rate of 54Mbps) are shown in Figs. 3 (a) and 3 (b) respectively. The service inter val is 10 ms. In both graphs a trend of greater number of retransmissions as the frame size increases can be ob served. Moreover, the distribution of retransmissions for both 802.11 g links is concentrated on one or, seldom, two retransmissions and not evenly distributed across the num ber of retries.
Conclusion
In this paper, IEEE 802.11 g link-layer retransmissions have been measured. The wireless indoor channel (2.4 G Hz) of the industrial test environment has been charac terized in terms of its impulse response h( 7) and its trans- fer function H(f). Its common statistical parameters, such as delay spread, mean excess delay have been de rived. Retransmission rates and occurrences of consecu tive retransmissions in IEEE S02.IIg networks, measured in a real industrial environment, have been presented. It has been shown that the selected data rate, LOS vs. NLOS communication and frame size affect the total number of retransmissions experienced during a period of time. As expected, frames with smaller payload sizes have always lower retransmission rates than larger frames. Further more, most of the observed occurrences are of one con secutive retransmission, seldom two.or three. The infor mation presented in this paper is particularly relevant for error recovery resource estimation in IEEE S02.11-based networks that use a contention-free medium access mech anism (because the experiments did not include errors de rived from the contention-based channel access). These results provide a guideline of how often retransmission ef forts for a traffic stream will be needed and how many re transmissions will be required to successfully deliverer a frame that belongs to that traffic stream. Our future work will focus on describing the impact of retransmissions on real-time performance (delay) and on using this informa tion in designing error recovery mechanisms for factory automation WLANs. It is planned to develop a new link layer retransmission policy, which satisfies real-time ap plication requirements. Therefore, a mechanism able to control the retransmissions, using information about the resources that have to be allocated for error recovery, is required to improve the performance of real-time indus trial communication applications.
